Abstract-Use of HVDC links for direct connection of a large nuclear power station to the existing power grid is unprecedented. Control of such HVDC connection for stable and secure operation of the nuclear power station is challenging and untested. For the Moorside nuclear power station planned close to the Lake District in Great Britain, there is tremendous pressure to use HVDC cables for the southern connection route (which would pass through the picturesque landscape) to avoid the visual impact of overhead lines. This paper shows that it is feasible to connect a large nuclear power station, such as Moorside, through a VSC-HVDC cable route alongside a northern AC route where there are no objections to overhead transmission. Use of a proposed control of the VSC-HVDC is shown to achieve automatic and rapid redirection of power on to the VSC-HVDC link following sudden outage of the AC route. Moreover, if the generators at Moorside were to shut down accidentally, the same control strategy for VSC-HVDC can back feed the power station auxiliaries which is essential for nuclear safety. Thus, a mix of AC and HVDC connection routes achieves similar (if not better) transient responses as compared to using both AC routes which in this case faces serious opposition.
I. INTRODUCTION
Nuclear power is going to play a major role in the low carbon energy mix of the UK in future [1] . Several new nuclear power plants connected towards the periphery of the network are expected to be built in the coming years, with a total capacity of around 16 GW [2] . Of particular interest to this paper is the Moorside nuclear power plant planned near Sellafield in West Cumbria, because of its proximity to the Lake District National Park and the adverse impact of the AC overhead connection routes on the picturesque landscape and the local communities.
The Great Britain system operator National Grid (NG) has been looking at various options and routes for transmitting the electricity generated at Moorside. The existing Electricity North West Ltd (ENW) overhead lines in the region operate at 132 kV and below and are not capable of carrying the power generated (about 3.4 GW). New high voltage transmission routes need to be built to connect Moorside to the 400 kV national electricity transmission grid which, at the closest point, is over 50 km away from the planned power station site. Four transmission circuits would be required for this connection so that if two circuits are out of service, the remaining circuits still allow the power station to export the whole of the electricity generated. After carefully considering the technical, socio-economic, environmental and cost aspects, NG proposed the following possible transmission routes for connecting the Moorside power station, shown in Fig. 1 . NG's preferred or prioritised routes are [3]:
• Onshore North: 400 kV double circuit AC overhead lines from Moorside power station connecting to the existing 400 kV grid at Harker near Carlisle.
• Onshore South with Tunnel under Morecambe Bay: 400 kV double circuit AC overhead lines from Moorside power station across the Furness peninsula, then underground AC cables under Morecambe Bay through a tunnel that comes up near Heysham and connects into the existing 400 kV grid at the proposed new Middleton substation at Heysham.
There are no major concerns regarding the proposed onshore North route connection. However, there is strong opposition to the onshore South route with Tunnel under Morecambe Bay as this route includes a long stretch of overhead lines supported on 50 meter high pylons along the coast in the Lake District National Park, which is part of a World Heritage site. Although NG initially considered the possibility of an alternative subsea cable route using HVDC (referred to as Offshore South in Fig. 1 ) to reduce the visual and environmental impact, that option was virtually ruled out due to different factors [4] . A critical one was that there is no precedence of use of HVDC for connecting a large nuclear power plant anywhere in the world. Therefore, use of HVDC connection to Moorside would be an untested application with no previous operational experience. Nuclear safety and security of supply are major concerns and the technical challenges with use of HVDC relate to both. This paper investigates the technical feasibility of an HVDC connection to a large nuclear power plant in a realistic context. The contribution of this paper is to show that use of an appropriate control strategy for the VSC-HVDC can overcome the challenges outlined by NG in [4] towards maintaining system security with the offshore South HVDC option.
II. MOORSIDE CONNECTION VIA ONSHORE AC ROUTES
As mentioned in the introduction, National Grid's preferred option for the Moorside connection is to use onshore AC overhead lines for both North and South (AC cables for some parts) routes. The single line diagram of their preferred option is shown in Fig. 2 . Two double circuit routes, each capable of transmitting the rated capacity of Moorside (3.4 GW), provide the necessary redundancy to ensure security of supply. For simplicity, in the studies presented next we consider that the AC South route is represented by two 400 kV AC overhead lines, without modelling the cables under the Morecambe Bay explicitly.
III. MOORSIDE CONNECTION VIA ONSHORE AC NORTH
AND OFFSHORE HVDC SOUTH ROUTES Technical feasibility of the offshore HVDC South route is considered here. Voltage Source Converter (VSC) technology would be most suited for this purpose because, unlike line commutated converters (LCC), it can feed passive loads and allow black starts [5] . This would allow the main grid to supply the Moorside auxiliary loads through the HVDC route when the power station is not in operation. In addition, VSC allows fast power reversal (without reversing the voltage polarity), use of extruded polymeric cables (suited for sub-sea installations) and independent control of active and reactive power [5] . The configuration with VSC-HVDC connection for the South route is shown in Fig. 3 . The offshore HVDC South route consists of two symmetric monopole VSC-HVDC links with a rated voltage of ±525kV and a rated capacity of 2 GW each. As in case of AC connection, there is some redundancy in transmission capacity to ensure security of supply. 
A. Technical challenges with offshore HVDC South route
Apart from the intrinsic challenges associated with the use of sub-sea HVDC transmission and the expected high capital costs, there are specific concerns associated with the control of the HVDC connection to a large nuclear power plant. These are driven by the requirement of continuous connection to a power grid: to export all the generated power and to provide a reliable supply (for safe start-up, operation and normal or emergency shutdown) to the power plant auxiliaries before resorting to on-site back-up electrical supplies [6] . These two requirements can be summarised as follows:
• Power redirection: an appropriate control strategy is needed to redirect the power generated to the offshore HVDC South route following a sudden outage of the onshore AC North route. In case of the outage of the offshore HVDC South route, the generated power would automatically flow through the onshore AC North route.
• Auxiliary loads supply: when the generators at the Mooreside power station are not running (in case of emergency shutdown or start-up of the power plant) the auxiliary loads would need to be supplied from the main grid. Following an emergency shutdown of Moorside, the nuclear reactors would continue to generate heat (which could last for days) and would require continuous operation of the reactor cooling system during this time. Unavailability or interruption in the cooling systems could have adverse effects on the reactor core and could lead to release radioactivity into the environment. Therefore, the HVDC system needs to be able to feed these loads, particularly in the case when the North AC route is out of service. An HVDC connection to a nuclear power plant needs to satisfy these requirements to ensure secure system operation after the aforementioned outages. In addition, the generator transient behaviour has to be within the stipulated limits [7] . Appropriate control strategy, for the Moorside converters in particular, is needed to meet the above mentioned requirements, as discussed next.
B. Control of Moorside converters
The control strategy for the Grid The option of controlling the Moorside converters in standard P − Q control was ruled out. This is because of the need to exactly match the converter power reference to the Moorside power output when the onshore AC North route is out of service and the Moorside power station is directly connected to the main grid via the HVDC links alone. Moreover, following a sudden outage of the onshore AC North route, the power reference has to be changed rapidly to redirect the entire power output through the offshore HVDC South route.
Alternatively, the Moorside converters are controlled to regulate the AC voltage V ac at a given frequency f . This control scheme is similar to the one used in the DC connection of offshore wind power plants and offshore oil and gas platforms, in order to transfer all the produced power through the DC link into the grid [8] . However, this situation requires further attention because of the onshore AC North connection, that already provides a synchronous link to the main grid. In order to avoid any conflict with the existing governor controllers of the generators in the main system (that regulate frequency), a droop control was introduced in the Moorside converters control scheme. This is a proportional controller, with a droop gain k, to adjust the frequency according to the active power deviation from a given reference value:
Such droop control is commonly used in micro-grids as primary control for the inverters [9] . However, this droop control is not needed when the power plant is only connected to the main system via the offshore HVDC South route (with the onshore AC North route taken out of service). In this work we propose to adapt the value of the droop gain by monitoring the breaker status of the onshore AC North route lines (at the same substation). In the simulations presented next, a conservative time delay of 100 ms is included in the control loop to consider the impact of any sensing delay on the transient performance. Note that, for scenarios in which the AC North route is de-energised without opening the line breakers, a different deactivation logic would be needed. The technical challenges previously introduced can be addressed with the VSC-HVDC connection using the proposed converter control, as demonstrated through the simulation results presented in the next section. Reliability and availability of an offshore HVDC option [10] needs further consideration which is out of the scope of this work. 
IV. CASE STUDIES
Simulations were conducted in DIgSILENT PowerFactory to compare the system response for the two South route options to connect the Moorside power plant: onshore AC South vs. offshore HVDC South. The test systems were set up following Figs. 2 and 3, respectively. Both the onshore AC North and South transmission routes are assumed to be 80 km long, with the line parameters as in page 813 of [11] . The offshore HVDC cable route would have to go around the congested sea bed close to the shore line and avoid the Eskmeals firing range which results in a much longer transmission route of around 200 km (see Fig. 1 [3] ). The Moorside power station and the main grid were modelled as two aggregated round rotor synchronous generators with the parameters specified in [12] . The Moorside generator has a power rating of 4.2 GVA and the main grid 22.35 GVA. The inertia constant is 3.84 s (with respect to the rating -MVAof each machine) for both generators [12] . Enough spinning reserves were kept in the main grid to cater for an infeed loss of 3.67 GW. Both generators are equipped with excitation control and PSS but governor action is only considered in the main grid generator. The control models are similar to the ones used by National Grid in their dynamic studies [13] . The loads in the main grid and the auxiliary loads at Moorside are modelled as P constant current and Q constant impedance and include a frequency dependant characteristic (k pf =1, k qf =-1, page 273 of [11] ). The main grid load is 19640 MW (0.95 power factor) whereas the auxiliary load is 272 MW (0.9 power factor), which is about 8% of the rated capacity of the power station. In steady state the Moorside generator output is 3.67 GW, to produce 3.4 GW at the terminals after supplying the auxiliary loads.
A. Case Study 1: Sudden outage of onshore AC North route
The first case study evaluates the sudden outage of the onshore AC North route, which goes out of service after a three-phase double circuit fault. The fault occurs at t = 2s close to the Moorside power station and is cleared after 100 ms. The system response is shown in Fig. 6 along with the corresponding power transfers in Fig. 7 : red traces are used for the onshore AC South option, black traces for the offshore HVDC South option (k = 0.1) and blue traces for the offshore HVDC South option when a fixed droop is considered. In pre-fault condition, for the AC option the power is equally shared between the four AC circuits, each transmitting around 848 MW (Fig. 7 (a) ). For the HVDC alternatives, the power angle was set at 19.3 o to ensure approximately equal distribution of pre-fault power between the onshore AC North and the offshore HVDC South routes (Fig. 7 (b) ). Redirection of power is achieved in the three scenarios after the outage of the AC North route (Fig. 7) . However, the system dynamic performance (Fig. 6) shows that use of a fixed droop gain at the Moorside converters would lead to unacceptable frequency excursions at Moorside (Fig. 6 (c) in blue traces) . Adapting the droop gain to zero after the AC North outage resolves this issue (Fig. 6 (c) in black traces) .
The system transient response for the two valid options is oscillatory and reflects the presence of a local mode. A detailed modal analysis to account for this oscillatory mode for different system configurations is presented in the Appendix. Overall, it is seen that the offshore HVDC South option (black traces) yields a similar (if not better) transient performance as compared to the onshore AC South option (red traces).
B. Case Study 2: Supplying auxiliary loads during emergency shutdown -onshore AC North route in service
This case study considers the sudden shutdown of the Moorside power plant at t = 2s when the onshore AC North route is in operation. This implies that the Moorside generator is taken out of service while the auxiliary loads are still connected to continue safety critical functions such as reactor cooling. The system response is shown in Fig. 8 and the corresponding power transfers in Fig. 9 for the two South route connection options. For the onshore AC South option (red traces), the power flow would reverse automatically to supply the auxiliary loads after the plant outage ( Fig. 9 (a) and (b) ). For the offshore HVDC South option (black traces), the power would be shared according to the chosen droop gain, with the post-fault HVDC transfers close to the pre-fault ones (Fig. 9  (d) ) and the onshore AC North lines supplying the auxiliary loads while wheeling some power to the main grid through the offshore HVDC South route (Fig. 9 (c) ). To regulate these severe transfers, the HVDC flow could be controlled later on (for instance to the value seen for the AC case) by adjusting the power angle of the converter control. The onshore AC South and the offshore HVDC South options produce similar system response, as shown in Fig. 8 . Voltage variation is worse in the offshore HVDC case (Fig. 8  (d) ) but the voltage dip in this case is less than that with onshore AC South option in Fig. 6 (e) for the onshore AC North outage. It is to be noted that the frequency excursion in the main grid ( Fig. 8 (a) ) violates the statutory limits [14] in both cases due to the large infeed loss (3.67 GW) and despite the spinning reserve allocation. Enhanced frequency response services [15] would be needed to limit such frequency variation which is out of the scope of this paper.
C. Case Study 3: Supplying auxiliary loads during emergency shutdown -onshore AC North route out of service
For the sake of completeness, the sudden shutdown of the Moorside power plant at t = 2s is studied when the onshore AC North route is out of service and the Moorside power plant is only connected to the main system via the South route. Simulation results are shown in Fig. 10 . In both cases (onshore AC South vs. offshore HVDC South), automatic power reversal is achieved to feed the auxiliary loads. Note that the droop gain of the Moorside converters is adapted to zero since the onshore AC North route is not in service. 
V. CONCLUSION
This paper confirms the technical feasibility of using an hybrid AC-HVDC connection to a large nuclear power plant. An appropriate control strategy is presented for the HVDC connection route to allow the automatic redirection of power after the AC route outage and to supply the power station auxiliary loads from the main grid after the emergency shutdown of the power plant. Simulation results demonstrate that similar (if not better) transient responses could be obtained with a mix of AC and HVDC connection routes when compared to the traditional AC connection. In future, this study would be extended with a realistic representation of the main grid in terms of actual short circuit levels and dynamic equivalents, detailed model of the Moorside power station and the converters including all the relevant control loops with limits. Offshore HVDC South n/a n/a n/a without Onshore AC North
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